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Multiple sclerosis (MS) is a chronic, autoimmune disease 
of the central nervous system (CNS) that is characterized 
by inflammation, demyelination and axonal loss (1). 
Since its discovery, magnetic resonance imaging (MRI) 
has revolutionized the diagnosis and monitoring of 
patients with MS (2). Conventional MRI measures, like 
T2 hyperintense lesions on T2-weighted images (WI) 
and contrast enhancing (CE) lesions on post-contrast 
T1-WI are now routinely used to detect therapeutic 
effects and extend clinical observations (3). For example, 
accumulation of new or enlarging brain T2 hyperintense 
lesions or changes in hyperintense T2 lesion volume (LV) 
have been used as primary endpoints in phase II clinical 
trials, and as a secondary endpoint in phase III trials in MS 
(1-5). In addition, monitoring of the appearance of new 
lesions and the enlargement of existing ones is typically 
interpreted as an indicator of disease activity in the clinical 
routine (6). However, detection of T2 and CE lesion 
activity has insufficient specificity to reveal the true degree 
of pathological changes occurring in MS, as they cannot 
distinguish between inflammation, edema, demyelination, 
Wallerian degeneration, and axonal loss (1,2). In addition to 
white matter (WM) lesions, MS pathology is characterized 
by focal demyelination in the gray matter (GM), cortical 
demyelination and diffuse axonal loss in normal appearing 
WM and GM (7). Because of these reasons, WM lesion 
accumulation correlates poorly with clinical evolution in 
the mid- to long-term (1,2,8-11), and more meaningful 
imaging biomarkers of neurodegeneration and clinical 

disease progression in MS patients are a topic of intense  
research (7,12-15).

Over the last two decades, enormous progress has 
been made in identifying new MRI biomarkers that are 
better reflective of neurodegenerative and destructive 
pathological processes related to disease activity and clinical 
progression in MS over time, compared to the conventional 
ones (1,2,7). Among these, measurement of T1-weighted  
hypointense (16), cortical (17) and slowly expanding or 
smoldering (18) lesions, assessment of leptomeningeal 
enhancement by use of three-dimensional post-contrast 
fluid-attenuated inversion recovery (19), measurement of 
brain and spinal cord atrophy (7,12,13), use of magnetization 
transfer imaging (20), myelin water fraction (21), diffusion-
tensor imaging (22), magnetic resonance spectroscopy (23), 
quantitative susceptibility mapping (24) and ultra-high field 
MRI (25), have been introduced as meaningful research 
tools to investigate severity of neurodegeneration and 
clinical disease progression in MS patients. However, the 
translation of these MRI biomarkers outside of research 
studies and clinical trials has been limited, as there are 
numerous technical and logistical hurdles to real-world 
implementation that must be overcome (7). Such challenges 
include the lack of non-conventional MRI protocols in 
many academic and private MS centers, frequent scanner, 
software, and protocol changes that limit standardization 
of  the MRI measures  longitudinal ly,  and normal 
biological fluctuations that confound precise individual  
measurement (26,27).
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In order for an MRI biomarker to be a useful tool to 
predict disability progression or determine conversion from 
relapsing to progressive disease stages, it must show an 
acceleration of the measured parameter several years before 
clinical disease progression or conversion occurs. However, 
most non-conventional MRI measures show steady linear 
changes over time and are not particularly dependent 
on changes in disease stage. For example, a recent study 
demonstrated that the rate of thalamic atrophy is consistent 
throughout the entire disease duration, regardless of MS 
clinical phenotype (28). While it is well known that patients 
who develop more severe GM atrophy have a higher 
chance to develop disability progression and conversion to 
progressive stages of the disease, it is currently impossible 
to reliably predict when this will occur early in the disease 
process (7). Moreover, with the advance of the disease and 
aging, the underlying pathology transitions towards a less 
inflammatory and more neurodegenerative course in which 
disease activity dramatically declines, especially in patients 
with longer disease duration and advanced disability. As a 
consequence, in this stage of the disease, MRI examination 
is not performed as regularly, because it is believed that 
disease may be “burned-out”. This also leads frequently 
to discontinuation of treatment in older subjects without 
apparent clinical and radiological disease activity, which 
is a topic of intensive current debate in the scientific  
community (29).

Therefore, to develop MRI measures that can be 
obtained on clinical routine quality scans, that can 
consistently distinguish between multiple MS phenotypes, 
and that can determine early on which patients are at 
increased risk to develop disability progression, is highly 
warranted and currently lacking. The MS lesions located 
around central brain structures (e.g., ventricles) are 
particularly vulnerable to disease pathology, likely in 
part due cerebrospinal fluid (CSF)-mediated factors (15). 
Critically, though, instead of simply accumulating, lesions 
may also paradoxically shrink or disappear entirely due to 
atrophy. New and old lesions alike may be destroyed by 
atrophy and subsumed into the CSF. As a consequence, the 
full extent of lesion accumulation may be masked, and the 
T2-LV may even plateau or decline in the advanced stages 
of the disease, in the absence of any true resolution or  
repair (1). While generally neglected, this phenomenon may 
actually be an important stand-alone imaging biomarker. 
Recently introduced as “atrophied brain lesion volume” 
(Figure 1), this biomarker measures the precise volume of 
lesions disappearing into CSF spaces that are longitudinally 

replaced by the CSF or that are being displaced by 
substantial atrophy-related local movement at subsequent 
time points (15). 

In a recent study, Dwyer et al. (15) investigated the rate 
of brain lesion loss due to atrophy (atrophied T2-LV) over 
5 years, and evaluated its independent predictive value for 
the development of clinical disability in 174 MS and 18 
patients with clinically isolated syndrome (CIS). Atrophied 
T2-LV was significantly different between disease stages, 
with progressive MS patients showing the highest rate 
of atrophied T2-LV, compared to those with relapsing-
remitting (RR) or CIS subtypes. Neither new nor enlarging 
T2-LVs were different between disease stages. When 
disability progression was related to MRI outcomes (new 
and enlarging T2-LV, brain atrophy and atrophied T2-LV), 
only atrophied T2-LV was associated with development 
of disability, and explained significant additional variance 
in predicting disability, even when controlling for both 
new/enlarging lesion activity and brain atrophy. Another 
recent study investigated temporal changes of cumulative 
atrophied brain T2-LV and 10-year confirmed disability 
progression in 176 investigated RRMS patients who 
obtained MRI examination at baseline, 6 months and 
then yearly over 10 years (30). Over 10 years, 76 patients 
remained stable and 100 developed confirmed disability 
progression. The cumulative atrophied T2-LV showed a 
robust association with development of 10-year confirmed 
disability progression, and this association was maintained 
across all time points with an effect size similar to that of 
whole brain atrophy. In addition, atrophied T2-LV was 
associated with the development of 10-year confirmed 
disability progression for almost all serial time points, which 
was not the case for whole brain atrophy, making atrophied 
T2-LV a potentially more attractive MRI outcome for 
clinical monitoring on a year-to-year clinical routine basis, 
in comparison to development of brain atrophy or lesion 
accrual. Atrophied T2-LV was also an earlier predictor of 
disability, as it took only 6 months to show an association 
with time to confirmed disability progression, whereas it 
took 2 years for whole brain atrophy to show a comparable 
effect. Furthermore, atrophied T2-LV accumulation in that 
study was accelerated from years 5 to 10 of the follow-up, 
whereas accumulation of total T2-LV de-accelerated in the 
same time period, which suggests that this MRI outcome 
could be of particular interest in monitoring the transition 
from relapsing to progressive stages of MS. In accordance 
with the previous study (15), atrophied T2-LV significantly 
added to the prediction of mid-term-disability, even when 
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accounting for the accumulation of new and enlarging 
T2 lesions and T2-LV, and development of brain atrophy. 
These data indicate that atrophying lesions are not a small 
secondary phenomenon in MS, and that they may play an 
increasingly important role as disease duration increases.

Given that atrophied T2-LV is a product of both 
inflammation ( in the form of lesion accrual)  and 
neurodegeneration (in the form of brain atrophy development), 
this MRI measure may add additional value in predicting 
disability progression or conversion to progressive disease 
stages than other MRI measures reflecting only a single 

aspect of pathophysiological progression. Although 
atrophied T2-LV represents only a small fraction of 
whole brain tissue loss (15,30), its spatial and pathological 
specificity for tissue destruction may contribute to a wide 
range of neurological functions that may clinically translate 
into significant cognitive and physical disability. The clinical 
relevance of atrophied T2-LV could be related to the fact 
that the majority of the axons responsible for development 
of functional disability in MS patients are located around 
ventricles. However, because atrophied T2-LV also occurs 
at the gyri borders which atrophied to displace sulci CSF 

Figure 1 Representative example of periventricular (left) and non-periventricular (right) atrophied T2 lesion volume. Top row shows 
baseline T2-weighted fluid attenuated inversion recovery (T2-FLAIR), and bottom row shows follow-up T2-FLAIR. Left column shows 
original images, while center column shows an enlarged view of the inset areas indicated in yellow on the left. The right column replicates 
the center column, but with baseline lesion delineated in red and baseline ventricle border delineated in green. The delineations are identical 
at bottom right, to visualize the degree of change, with an additional magenta region showing the area that was lesion at baseline but has 
now been subsumed into cerebrospinal fluid (atrophied lesion).
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and replace parts of the lesions (15), it may also be related 
to cognitive impairment and other higher cortical functions. 
As the detection of cortical lesions remains challenging 
(17,19,25), the true prevalence of atrophied T2-LV in 
cortical regions may be largely underestimated. 

Atrophied T2-LV is a robust and early marker of 
disability progression in relapsing and progressive disease 
stages. Its clinical value has to be further explored in 
longitudinal, multi-center, double-blind, controlled and 
clinical routine studies using various disease-modifying 
treatments.
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